fever was spread by ship to ports as far north as Boston and as far east as England, where mortality rates in an epidemic could exceed 20 percent of those contracting the disease. Walter Reed and colleagues in pioneering studies in Cuba in 1900 demonstrated that yellow fever is transmitted by mosquitoes, and 2 years flaviviruses are transmitted to vertebrate hosts by blood-sucking arthropods, mosquitoes or ticks, although some evidently lack an arthropod vector (2) . Arthropodtransmitted flaviviruses replicate in the arthropod host as well as the vertebrate host. Human flavivirus diseases have diverse and complex pathologies and different viruses exhibit marked tissue tropisms. Many are neurotropic, causing encephalitic symptoms; others, such as the dengue group, replicate preferentially in host macrophages, whereas yellow fever is usually viscerotropic.
The disease known as yellow fever has been recognized for several hundred years (3, 4) . Until the early 1900's recurrent epidemics occurred in the Caribbean area which caused great human suffering and had a profound influence on human activities in the area. From its focus in the Caribbean, epidemic yellow C. M. Rice later showed that the disease agent is filterable (5) . With the recognition that the mosquito Aedes aegypti is the vector for urban yellow fever, mosquito control measures rapidly led to the elimination of urban yellow fever. Subsequently, a safe and effective attenuated vaccine strain (17D) was developed by in vitro passage of the virulent Asibi strain in chicken embryo tissue (6) . However, the virus persists in a sylvan cycle in the forests of South America and Africa, transmitted by numerous mosquito species including those of the genus Haemagogus in South America and of the genus Aedes in Africa. The vertebrate hosts in this cycle appear to be almost exclusively primates, demonstrating the limited natural host range of yellow fever. From the sylvan cycle periodic outbreaks in neighboring human populations have arisen on both continents. Furthermore, since Aedes aegypti is widespread in the world, a situation exacerbated by relaxation of mosquito abatement procedures in the Caribbean and elsewhere, the potential exists for future epidemics of urban yellow fever.
Previous studies have shown that flaviviruses contain single-stranded infectious RNA (thus defining them as plusstranded RNA viruses in which the irnon RNA serves as a messenger) encapsidated in a nucleocapsid possessing icosahedral symmetry and containing a single species of capsid protein [C, apparent mass of about 14 kilodaltons (kD)]. This in turn is surrounded by a lipid bilayer containing an envelope protein (E; about 50 to 60 kD) that is usually but not invariably glycosylated (7) and a second, nonglycosylated protein (M; about 8 kD) (8, 9) . How the envelope is obtained is unclear, as budding flaviviruses are seldom identified in electron microscopic studies, although maturation does appear to occur in association with intracellular membranes (9, 10) . Replication of flaviviruses in tissue culture is slow, with a long latent period, and only moderate titers of virus are produced. Host cell protein and RNA synthesis are shut off only poorly (vertebrate cells) or not at all (mosquito cells), making study of flavivirus replication and structure somewhat more difficult. Virus-specific protein synthesis appears to be associated with the rough endoplasmic reticulum, and RNA replication is localized in the perinuclear region (11) . No subgenomic RNA has been detected in cells infected with flaviviruses, and it is believed that the genomic length RNA which is capped but not polyadenylated (12, 13) is the only messenger RNA (mRNA) species (9, 12, 14) . This mRNA is translated into the three structural proteins and several nonstructural proteins. Translation of the flavivirus genome in vitro produces polypeptides related to the structural proteins (15) which, in the presence of appropriate membrane fractions, can be processed efficiently to yield C and E (16) tide sequence of the yellow fever genome determined from complementary DNA (cDNA) clones of the 17D vaccine strain. Together with recent NH2-terminal sequence analysis of both structural (20) and some nonstructural yellow fever proteins, the amino acid sequences of the encoded proteins have been deduced and a preliminary picture of flavivirus gene organization and expression has begun to emerge. Sequence of yellow fever RNA. The complete sequence of yellow fever RNA is shown in Fig. 1 . The 5'-and 3'-terminal sequences presented were derived from several independent clones, are homologous to the 5' and 3' termini of West Nile flavivirus genomic RNA (21) (see below), and thus probably reflect the extreme ends of the yellow fever genome. Given these assumptions, the RNA genome is 10,862 nucleotides in length and has a mass of 3.75 x 106 daltons (expressed as the sodium form). Previous reports have shown that flavivirus genomic RNA contains a type 1 cap at the 5' terminus but lacks a polyadenylate tract at the 3' terminus (12, 13 Fig. 1 . The structural proteins ofyellow fever virus. The start points of the three yellow fever virus structural proteins (C, M, and E) have been positioned within the translated RNA sequence from NH2-terminal amino acid sequences obtained for the structural proteins isolated from yellow fever virions (20) (Fig. 1) . The capsid protein is the first protein found in the long open reading frame and begins one residue past the first methionine. Thus, in agreement with in vitro translation data from the flavivirus genomic RNA's of tick-borne encephalitis virus, West Nile virus, and Kunjin virus (15, 16) , the translation of the yellow fever genome initiates with the capsid protein, and the NH2-terminal methionine is removed during maturation of the protein (20) . The capsid protein may be released from the precursor polyprotein by cleavage at or just past a series of basic amino acids ( Figs. 1 and 2 ). From this deduced amino acid sequence, the capsid protein is quite basic containing about 25 percent lysine and arginine distributed throughout the protein. The capsid protein of tick-borne encephalitis virus contains a similar proportion of basic amino acids (22) . Since the capsid protein forms complexes with the RNA, its highly basic character probably acts to neutralize some of the RNA charges in such a compact structure. (6) . After plaque purification in Vero cells and amplification in BHK cells, the virus was grown in SW13 monolayers (50) and purified by polyethylene glycol precipitation, in glycerol-tartrate gradients. The purified virus was diluted with aqueous buffer and sedimented in the ultracentrifuge; the RNA was isolated by phenol extraction (51) . Briefly, single-stranded cDNA was synthesized with avian myeloblastosis virus reverse transcriptase using degraded calf thymus DNA for priming (47) . Second strand synthesis was carried out essentially as previously described (52) . After methylation of the Eco RI sites with Eco RI methylase, phosphorylated Eco RI linkers were added with T4 DNA ligase. Following complete digestion with Eco RI, the double-stranded cDNA was sized on an agarose gel and selected size fractions were inserted into the Eco RI site of a plasmid vector derived from pBR322. Colonies containing yellow fever-specific inserts were selected by colony hybridization and were characterized by restriction mapping to obtain clones which represented most of the yellow fever genome. Clones containing the 3' end of the genome were constructed by poly(A)-tailing (polyadenylation) the genomic RNA with Escherichia coli poly(A) polymerase followed by synthesis of double-stranded cDNA with an oligo(dT) primer. Addition of the poly(A) tract was relatively inefficient but after digestion of the double-stranded cDNA with Bgl I, 3'-terminal Bgl I fragments were selectively cloned with a plasmid vector derived from cloned yellow fever DNA (51). Clones containing the 5' end of the genome were constructed by primer extension followed by oligo(dC) tailing with terminal deoxynucleotidyl transferase and oligo(dG) primed second strand synthesis. The entire sequence was obtained by chemical sequencing of both strands of the DNA (53). In addition, sequence was obtained throughout from at least two clones. Wherever the sequence differed between two clones (due presumably to heterogeneity in the RNA population or errors introduced during cloning), a third and occasionally a fourth clone was sequenced in this area, and the preferred nucleotide is reported here. Nucleotides are numbered from the 5' terminus. Amino acids are numbered from the first methionine in the polyprotein sequence. The beginning of each protein is labeled (see Table I and text for nomenclature); tentative assignments are indicated by dashed arrows. Putative hydrophobic membrane-associated segments in the structural region are overlined. Potential N-linked glycosylation sites are denoted by an asterisk. The region of NS5 homologous to other RNA viruses (see text) is enclosed by brackets and the conserved Gly-Asp-Asp sequence is boxed. Repeated nucleotide sequences are underlined. Closely spaced in phase stop codons that terminate the long open reading frame are boxed. The single letter abbreviations for the amino acid residues are: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine, P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine. (27, 28, 29) , but whether the glycopeptide fragment remains cell-associated and is rapidly degraded or is released into the extracellular medium is unknown.
The E protein follows M. The NH2 terminus of E is charged, and the more hydrophobic COOH-terminal domain of M (or its precursor, prM) may function as the signal sequence for the translocation of E across the rough endoplasmic reticulum. The protein E contains two sites of the form Asn-X-Ser/Thr which could serve as carbohydrate attachment sites, and both glycosylated and nonglycosylated forms have been detected in infected cells (7, 27, 30) . The COOHterminal domain of E contains uncharged stretches that could serve as a transmembrane anchor. Cleavage between M and E occurs after a Ser residue, and could be catalyzed by a host protease such as signalase. Since the COOH terminus of the mature M protein has not been determined, a small peptide, analogous to the 6 kD protein of alphaviruses (25, 31) could be produced during maturation of M and E. However, the apparent size of the M protein agrees well with the predicted molecular weight if cleavage occurs after the Ser at position 285.
This model for translation and processing of structural proteins and the features mentioned above predict that most of the E protein and some of the M protein should be exposed on the mature virion surface, and therefore sensitive to digestion by appropriate proteases. Protease digestion of purified tick-borne encephalitis virus (32) and also yellow fever virus (29) support this hypothesis. Thus, the M protein (or prM) of flaviviruses is an integral membrane protein and may interact specifically with both the E protein as well as the capsid protein-RNA complex during virus assembly.
The nonstructural proteins. In addition to prM, at least four and as many as 12 nonstructural proteins have been described in flavivirus-infected cells (9, 28, 33, 34) . Some or all of these proteins must be active in the replication of the viral RNA. The start points of the three largest nonstructural proteins (NV3, NV4, and NV5 by the old nomenclature) (35) have been located by NH2-terminal amino acid sequence analysis (36) . As previously suggested by peptide mapping of the corresponding nonstructural proteins from other flaviviruses (9, 15, 34) , the sequence data show that these proteins map to nonoverlapping segments in the yellow fever virus nonstructural region (Figs. 1 and 2) .
In an attempt to simplify the description of flavivirus encoded nonstructural polypeptides, in particular the smaller proteins, we suggest a modified nomenclature (35) (Table 1) based on the linear order of these proteins in the yellow fever virus genome to complement designations based on their apparent molecular weights (37) . In taking this approach we assume that members of Flaviviridae will have similar genome organization and express homologous proteins from homologous regions of their genomes. This assumption has been partially verified by an extensive sequence comparison of yellow fever virus with another member of the flavivirus genus, Murray Valley encephalitis virus (23) .
Several features of the yellow fever virus nonstructural region are apparent from the localization of NS 1, NS3, and NS5 (formerly NV3, NV4, and NV5). protein. It should be noted that NS1 is glycosylated (27) , and monoclonal antibodies against NS1 are capable of mediating complement-dependent lysis of yellow fever virus-infected cells, suggesting its presence at the plasma membrane (38) . Thus, the COOH-terminal uncharged hydrophobic sequence of E could function as a signal sequence for translocation of NS1 across the endoplasmic reticulum. NS1 contains two sites of the type Asn-X-Ser/Thr which could serve as glycosylation sites. The probable COOH terminus of NSl from estimates of molecular weight could contain a hydrophobic sequence for anchoring the protein in the membrane (Fig. 3) . Thus the three glycoproteins of yellow fever virus, prM, E, and NS1, are adjacent to one another in the genome and are possibly inserted into the membrane one after another during synthesis. Assuming that other nonstructural proteins will be produced from these regions by the same protease responsible for NH2-terminal cleavage of NS3 and NS5, we have scanned the remaining sequences for additional cleavage sites. Estimates of molecular weight (27) have positioned the COOH terminus of NS1 near residue 1187. The next potential cleavage sequence, Gly-Arg-Arg Ser, at residue 1355 would produce two small nonstructural polypeptides of approximately 18 kD (ns2a) and 14 kD (ns2b) located between NS1 and NS3 ( Fig. 2 and Table 1 ). Both of these polypeptides would be extremely hydrophobic (Fig. 3) with ns2b containing a short internal charged domain. The putative cleavage at the sequence Glu-Gly-Arg-Arg Gly (residue 2108) would produce a polypeptide whose calculated mass agrees well with the observed size of NS3 on polyacrylamide gels (27, 29) . Between (27) .
Implications for flavivirus replication. It has been suggested that flavivirus RNA is translated by multiple internal initiation events (17, 18 ) which would make flaviviruses atypical among eukaryotic viruses and eukaryotic genes. The presence of a single long opzn readiqgtrame in yellow fever virus RNA, the (20, 36) . Tentative sites (indicated by parenthesis) are based on homology with confirmed cleavage sites and the sizes of yellow fever-specific polypeptides observed in infected cells (27, 29 complete discussion of this subject see (49) .]
*Polypeptide molecular weights calculated according to the cleavage sites shown in Fig. 1 , with the C-prM cleavage site between residues 101 and 102. §Both glycosylated and nonglycosylated forms of E have been identified for yellow fever virus (27) and Kunjin virus (7, 30) . (Fig. 4) , and the complement of the 5'-terminal sequence [equivalent to the 3' terminus of the (-) strand] is related to the 3'-terminal sequence of the (+) strand. This suggests that the viral replicase may have similar recognition sites for (+) and (-) strand synthesis. In addition, a stable secondary structure (AG= -40 to 45 kcal) can be formed from the 3'-terminal 87 nucleotides of the yellow fever genomic RNA (Fig. 5 ). This may be involved in RNA
\I_C C G Fig. 5 . Possible secondary structures at the 3' terminus of yellow fever virus genomic RNA.
-Circled nucleotides are shared with the 3' terminus of the yellow fever (-) strand (see Fig. 4 (42) they are important for initiation of (-) strand RNA synthesis (43) . Last, the 3'-untranslated region contains a set of three closely spaced repeated sequences (underlined in Fig. 1 (44) . The location of the genes encoding the structural proteins at the 5' end of the genome, the single long reading frame, and the lack of a subgenomic message are all characteristics shared with picornaviruses rather than togaviruses.
In order to understand the evolutionary role of flaviviruses and their relation to other RNA viruses we have searched for homologies within the putative polymerase genes of various plant and animal viruses. Significant homologies have been found between alphaviruses and plant viruses (45) and less extensive homologies between picornaviruses and alphaviruses (46) . Kamer and Argos (46) have aligned the polymerase gene of poliovirus with those of several viruses including alfalfa mosaic virus, bromegrass mosaic virus, tobacco mosaic virus, Sindbis virus, foot and mouth disease virus, encephalomyocarditis virus, and cowpea mosaic virus. The amino acid sequence of yellow fever virus NS5 between residues 3037 and 3181 can also be aligned with this collection of diverse RNA viruses (Fig. 1) 
